Chromosome metabolism is defined by the pathways that collectively maintain the 10 genome, including chromosome replication, repair and segregation. Because aspects of 11 these pathways are conserved, chromosome metabolism is considered resistant to 12 evolutionary change. We used the budding yeast, Saccharomyces cerevisiae, to 13 investigate the evolutionary plasticity of chromosome metabolism. We experimentally 14 evolved cells constitutively experiencing DNA replication stress caused by the absence 15 of Ctf4, a protein that coordinates the activities at replication forks. Parallel populations 16 adapted to replication stress, over 1000 generations, by acquiring multiple, successive 17 mutations. Whole-genome sequencing and testing candidate mutations revealed 18 adaptive changes in three aspects of chromosome metabolism: DNA replication, DNA 19 damage checkpoint and sister chromatid cohesion. Although no gene was mutated in 20 every population, the same pathways were sequentially altered, defining a functionally 21 reproducible evolutionary trajectory. We propose that this evolutionary plasticity of 22 chromosome metabolism has important implications for genome evolution in natural 23 populations and cancer. 24 * For correspondence: marcofumasoni@fas.harvard.edu 25 26 65 3
Introduction 27
The central features of many fundamental biological processes, such as the mechanism 28 of DNA, RNA and protein synthesis, have been conserved since the last common 29 ancestor of all extant organisms. Many of the proteins involved in these processes are spontaneous mutations that increase cellular fitness and survive genetic drift will be 137 selected and spread asexually within the populations (Jerison and Desai 2015;
138 Venkataram et al. 2016; Levy et al. 2015) . At the end of the experiment, we asked whether 139 cells had recovered from the fitness decrease induced by replication stress by measuring 140 the fitness of the evolved ctf4∆ and WT populations. Expressing the results as a 141 percentage of the fitness of the WT ancestor, the evolved WT populations increased their 142 fitness by an average of 4.0±0.3% ( Figure S1A ), a level similar to previous experiments 143 (Lang et al. 2013; Buskirk, Peace, and Lang 2017) . In contrast, we found that the fitness 144 of the evolved ctf4∆ populations rose by 17±0.2% ( Figure S1A ). Clones isolated from 145 these populations showed similar fitness increases ( Figure 1C ). 146 To understand this evolutionarily rapid adaptation to constitutive replication stress, we 147 whole-genome sequenced all the final evolved populations as well as 32 individual clones 148 (4 from each of the evolved populations) isolated from the ctf4 lineages. During 149 experimental evolution, asexual populations accumulate two types of mutations: adaptive 150 mutations that increase their fitness and neutral or possibly mildly deleterious mutations 151 that hitchhike with the adaptive mutations (Table S1 ). To distinguish between these 152 mutations, we used a combination of statistical and experimental approaches. First, we 153 inferred that mutations in a gene were adaptive if the gene was mutated more frequently 154 than expected by chance across our parallel and independent populations (Table S2) . 155 Second, we performed bulk segregant analysis on selected evolved clones. This 156 technique takes advantage of sexual reproduction, followed by selection, to separate 157 causal and hitchhiking mutations. In this case, mutations that segregate strongly with the 158 evolved phenotype are assumed to be adaptive ( Figure S1B ). We combined these two 159 6 lists of mutated genes and looked for enriched gene ontology (GO) terms. This analysis 160 revealed an enrichment of genes implicated in several aspect of chromosome metabolism 161 (Table S3 ). Among the genes associated with these terms, many are involved in four 162 functional modules: DNA replication, chromosome segregation (including genes involved 163 in sister chromatid linkage and spindle function), cell cycle checkpoint and chromatin 164 remodeling ( Figure S1C ). The genes in these modules that were mutated in the evolved 165 clones are shown, grouped by function, in Figure 1D . (Figure 2A , Murray, 1994) . 177 The genes listed in Figure 2B are implicated at different levels in either the replication or 178 mitotic delays (Figure S2B, Pasero and Vindigni, 2017) . The most frequently mutated Figure 2C , S2A, Soulier and Lowndes, 1999) , arguing that inactivation of Rad9 184 was repeatedly and independently selected for during evolution. To test this hypothesis, 185 we engineered the most frequently occurring mutation (2628 +A, a frameshift mutation 186 leading to a premature stop codon K883*) into the ancestral ctf4∆ strain (ctf4∆ anc). We 187 suspect that the high frequency of this mutation is due to the presence of a run of 11 As, 188 a sequence that is known to be susceptible to loss or gain of a base during DNA 189 replication. This mutation ( Figure 2C , S2A) produced a fitness increase very similar to the 190 one caused by deleting the entire gene ( Figure 2D ). We conclude that inactivation of Rad9 191 is adaptive in the absence of Ctf4.
192
We asked if the removal of Rad9 eliminated a cell cycle delay caused by the absence of replication and division in ctf4 cells (Hanna et al. 2001) , it reduces rather than increases 201 the fitness of the ctf4∆ ancestor ( Figure 2D ). These results suggest that ignoring some 202 defects in ctf4∆ cells, such as those that activate the DNA damage checkpoint, improves 203 fitness, whereas ignoring others, such as defects in chromosome alignment on the 204 spindle, reduces fitness. 
220
Time points taken at 30 min and 120 min after the release are shown. -factor was added 30 min after 221 release to prevent cells entering a second cell cycle and thus ensure that 2C cells at the 120 min 222 measurement resulted from a G2 delay rather than progress through a second cell cycle. The percentage 223 of genome replicated at 30 min was calculated based on the cell cycle profile. 1C/2C ratios were calculated 224 based on the height of the respective 1C and 2C peaks at 120 min.
225
Problems encountered during DNA synthesis also activate the replication checkpoint, cell-cycle to ask whether the fitness benefits conferred by RAD9 deletion were due to a 230 faster progression through S-phase or faster progress through mitosis. Loss of Rad9 in 231 ctf4∆ cells did not accelerate S-phase, but it did lead to faster passage through mitosis 232 as revealed by a reduced fraction of 2C cells ( Figure 2E ).
233
To separate the role of the replication and DNA damage checkpoints, we genetically 234 manipulated targets of the checkpoints whose phosphorylation delays either anaphase 235 (Pds1, Wang et al., 2001) or the completion of replication (Sld3 and Dbf4, Zegerman & 236 Diffley, 2010, Figure S2B ). Fitness measurement in these mutants (pds1-m9 or the 237 double mutant sld3-A/dbf4-4A) showed that while decreasing the mitotic delay in 238 ancestral ctf4∆ cells was beneficial, a faster S-phase was highly detrimental ( Figure S2C ).
239
Collectively, these results show that the specific absence of a DNA damage-induced 240 delay of anaphase, rather than generic cell-cycle acceleration, is adaptive in ctf4 cells 241 experiencing replication stress. 243 We examined the evolved clones for changes in the copy number across the genome 244 (DNA copy number variations, CNVs). Several clones showed segmental amplifications, Figure 3A ). Amongst the genes affected by these two CNVs are 250 SCC2 and SCC4 on the amplified portions of chromosomes IV and V respectively. These with the other genes altered by point mutations in our evolved clones ( Figure 3B ), strongly 255 suggest that the absence of Ctf4 selects for mutations that affect the linkage between 256 sister chromatids. 
242

Amplification of cohesin loader genes improves sister chromatid cohesion
273
CTF4 was originally identified because mutants in this gene reduced the fidelity of 
278
We hypothesized that the segmental amplifications of chrIV and chrV were selected to 279 increase the amount of the cohesin loading complex. To test this idea, we reintroduced a 280 second copy of these genes in a ctf4∆ ancestor. As predicted by the more frequent 281 amplification SCC2, we found that an extra copy of SCC4 increased fitness by less than 282 2%, whereas an extra copy of SCC2, or an extra copy of both SCC2 and SCC4 increased 283 fitness by 4-5% ( Figure 3C ). We examined cells arrested in mitosis to measure the extent 284 of premature sister chromatid separation in the same strains. Adding extra copies of the 285 cohesin loader subunits improved sister chromatid cohesion ( Figure 3D ) and the 286 amplitude of the improvement in sister cohesion for different strains had the same rank 287 order as their increase in fitness ( Figure 3C ). We conclude that the increased copy 288 number of the cohesin loader subunits is adaptive and alleviates the cohesion defects 289 induced by the lack of Ctf4.
290
Altered replication dynamics promote DNA synthesis in late replication zones 291 We found mutations in several genes involved in DNA replication ( Figure 4A ). Among 292 these, we found four independent mutations ( Figure 4B ) that altered three different Figure 4A ). IXR1 encodes for a transcription factor that indirectly and positively regulates 302 the concentration of deoxyribonucleotide triphosphates (dNTPs, Tsaponina et al., 2011), 303 the precursors for DNA synthesis. The occurrence of multiple nonsense mutations in this 304 gene strongly suggested selection to inactivate Ixr1 ( Figure S4D ). Consistent with this 305 prediction, we found that engineering either a nonsense mutation (ixr1-Q332*) or a gene 306 deletion conferred a selective advantage to ctf4∆ ancestor cells ( Figure 4C ). 307 We asked how mutations in the replicative helicase or inactivation of IXR1 increased the 308 fitness of ctf4∆ cells. One hypothesis is that the absence of Ctf4 reduces coordination of 309 the activities required to replicate DNA and leads to the appearance of large regions of 310 single stranded DNA, which in turn exposes the forks to the risk of nuclease cleavage 311 or collapse. If this were true, slowing the replicative helicase or the synthesis of the 312 leading strand would reduce the amount of single stranded DNA near the replication fork 313 and improve the ability to complete DNA replication before cell division. To test this idea, 314 we used whole genome sequencing at different points during a synchronous cell cycle to 315 11 compare the dynamics of DNA replication in four strains: WT, the ctf4∆ ancestor, and 316 ctf4∆ strains containing either the sld5-E130K or ixr1 mutations. 
335
We found that cells lacking Ctf4 experience several defects compared to WT: on average, 336 origins of replication fire later and DNA replication forks proceed more slowly across 337 replicons, often showing fork stalling ( Figure 4D , 4E, S4A). As a consequence of these 338 two defects, cells still contain significant regions of unreplicated DNA late in S-phase (45 339 minutes, Figure 4D , 4E, S4a). Both sld5-E130K or ixr1 mutations significantly increase 340 the average replication fork velocity primarily by avoiding stalls in DNA replication and 341 thus leading to earlier replication of the regions that replicate late in the ancestral ctf4∆ 342 cells ( Figure 4D , 4E, S4A). Altogether, these results show that cells evolved modified 343 DNA replication dynamics to compensate for defects induced by DNA replication stress.
344
Epistatic interactions among adaptive mutations dictate evolutionary trajectories 345 Can we explain how the ancestral ctf4∆ strains recovered to within 10% of WT fitness in 346 only 1000 generations? Although all the mutations that we engineered into ctf4∆ ancestor 347 cells reduce the cost of DNA replication stress, none of them, individually, account for 348 more than a third of the fitness increase observed over the course of the entire evolution 349 experiment ( Figure 1C ). Sequencing individual evolved clones revealed the presence of 350 mutations in at least two of the three modules whose effects we analyzed in isolation 351 ( Figure S5B , Table S1 ). We therefore asked if we could recapitulate the fitness of the 352 evolved clones by adding adaptive mutations from multiple different modules to the ctf4∆ 353 ancestor. We obtained all possible combinations of two, three, and four adaptive mutants, 354 in the ctf4∆ ancestor, by sporulating a diploid strain that was heterozygous for all four 355 classes of adaptive mutations: inactivation of the DNA damage checkpoint (rad9∆), 356 amplification of the cohesin loader (an extra copy of SCC2), alteration of the replicative 357 helicase (sld5-E130K), and altered regulation of dNTP pools (ixr1∆). We found that the 358 two mutations that affected DNA replication were negatively epistatic ( Figure 5A ): in the 359 presence of ctf4∆, strains that contained both sld5-E130K and ixr1 were not significantly 360 more fit than strains that contained only ixr1∆ and the quadruple mutant (2X-SCC, rad9, 361 sld5-E130K, ixr1) was much less fit than the two triple mutants that contained only one 362 of the two mutations that affected DNA replication (2X-SCC, rad9, sld5-E130K and 2X-363 SCC, rad9, ixr1). As a result, the two fittest strains carry only three mutations: in both 364 cases, they affected the three modules we previously characterized: sister chromatid 365 linkage and chromosome segregation (2X-SCC2), the DNA damage checkpoint (rad9) 366 and DNA replication (sld5-E130K or ixr1). These two strains displayed a fitness 367 13 comparable to the average of the evolved populations ( Figure 1C ), suggesting that we 368 had recapitulated the major adaptive events in our engineered strains. 
385
We asked if the antagonistic interaction between sld5-E130K and ixr1 seen in our 386 reconstructed strains had also occurred in our evolution experiment. We focused on an 387 evolved population (EVO5) that carried all the mutations described above and analyzed Studying the molecular mechanism of evolutionary adaption helps to understand the 403 balance between change and conservation during the evolution of biological functions. 404 One approach is to compare processes in closely related organisms and use classical 405 and molecular genetics to find the genetic variants responsible for inter-species 406 differences. Another is to damage a process by applying a physiological stress that 407 reduces the fitness of an organism and use experimental evolution to accumulate, identify 408 and study the mutations that increase fitness and allow the organism to adapt to the 409 stress. 410 We followed the latter approach and studied the evolutionary adaptation of cells 411 experiencing constitutive DNA replication stress induced by the lack of a protein, Ctf4, Cells lacking Ctf4 show an increased frequency of chromosome mis-segregation due to 420 premature sister chromatid separation, but the mechanism underlying this defect is still 421 unclear. Seven of our eight populations amplified SCC2, which encodes for one of the 422 subunits of the cohesin loader complex. The simplest explanation for this result is that, 423 the absence of Ctf4 restricts the productive loading of cohesin molecules that establish 424 the linkage between sister chromatids. Amplifying the genes for the cohesin loader would 425 increase its expression, increase the productive cohesin loading and improve the linkage 426 between sister chromatids. Improving sister chromatid cohesion allows the evolved cells 427 to segregate their chromosomes more accurately at mitosis, avoiding mitotic delays due 428 to the spindle checkpoint, decreasing cell death and increasing fitness ( Figure 6A ). 
435
Avoiding these problems requires that replication origins fire efficiently and replication 436 forks move continuously. Our analysis of the dynamics of DNA replication argues that a 437 combination of frequent fork stalling and slower origin firing causes under-replication of 438 certain chromosomal regions in the ancestral ctf4∆ cells. We propose that these defects 439 selected for mutations that have the apparently paradoxical effect of accelerating DNA 440 replication by slowing down the replication forks: mutations like sld5-E130K and ixr1∆ 441 make forks go slower and this reduced velocity stabilizes the forks, preventing frequent 442 fork stalling or collapse and producing a higher overall fork velocity ( Figure 6B ). This 443 hypothesis is consistent with two observations: first, although the sld5 mutation is 444 beneficial in ancestor cells, it decreases the fitness of WT cells ( Figure S4E ), a result we 445 would expect from a slower replicative helicase. Second, reduced dNTPs concentrations Figure S4F ).
452
Our evolved populations also accumulated mutations that inactivated the DNA damage 453 checkpoint ( Figure 2B-D) . The benefit of these mutations arises from the loss of the DNA 454 damage checkpoint's ability to delay the start of anaphase (Figure 2E shortening the time required for mitosis and increasing fitness (Figure 2E, S2C, 6C ). This 459 solution seems counter-intuitive, as the loss of a safeguard mechanism such as the DNA 
473
We asked how the mutants we identified and analyzed interacted with each other and perturbations that trigger such changes in fundamental aspects of cell biology? The ctf4∆ 523 cells that we evolved have a 25% fitness difference relative to their wild type ancestors, 524 meaning that they would rapidly be eliminated from any population of reasonable size.
525
Given the evolutionary rarity of major rearrangements in cell biology we can invoke events 526 that are improbable including passing through very small populations bottlenecks or being 527 attacked by selfish genetic elements whose molecular biology targets an important 528 protein in an essential process. If the processes that were damaged during these events, 529 were part of chromosome metabolism, the consequent evolutionary adaptation could lead 530 to changes in the rates at which the structures of genomes evolve. An increase in these 531 rates, in turn, could potentially accelerating speciation by making it easier for populations 532 to acquire meiotically incompatible chromosome configurations. our experiment lead us to speculate that a major selective force in the early stages of 554 tumor evolution is the need to counteract the fitness costs of replication stress.
555
Understanding the evolutionary mechanisms and dynamics of the adaptation to 556 replication stress could therefore shed light on the early stage of tumor development.
557
Perspective
558
In this work, we identified the main adaptive strategies that cells use to adapt to DNA 559 replication stress induced by the absence of Ctf4. Our results reveal that defects in one 560 function can be compensated for by two types of mutations: those in the original function 561 and those in functions that are biologically coupled to it. Focusing on less common 562 adaptive strategies, apparently unlinked to chromosome metabolism, could therefore 563 potentially identify novel players that affect genome stability. It would also be interesting 564 to induce DNA replication stress by other means, such as de-regulating replication 565 initiation or by inducing re-replication. Analyzing the response to these challenges will 566 reveal whether the DNA replication module has a common or diverse set of evolutionary 567 strategies to different perturbations. Finally, this approach could be extended to many 568 other types of cellular stress, potentially revealing other molecular adaption aspects that 569 could collectively help understanding cellular evolution. (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, RAD5 + ) . TableS4 lists each 574 strain's genotype. The ancestors of WT and ctf4 strains were obtained by sporulating a 575 CTF4/ctf4 heterozygous diploid. This was done to minimize the selection acting on the 576 ancestor strains before the beginning of the experiment. Diploid stains were grown on 577 YPD, transferred to sporulation plates (sodium acetate 0.82%, potassium chloride 0.19%, 578 sodium chloride 0.12%, magnesium sulfate 0.035%) and incubated for four days at 25°C.
579
Tetrads were re-suspended in water containing zymolyase (Zymo research, 0.025 u/l), 580 incubated at 37°C for 45 sec, and dissected on a YPD plate using a Nikon eclipse E400 581 microscope equipped with a Schuett-Biotec TDM micro-manipulator. Spores were 582 allowed to grow into visible colonies and genotyped by presence of genetic markers and 583 PCR. Figure S4F where YP + 2% raffinose and YP 587 + 2% raffinose + 2% galactose were also used. Cells were synchronized either in 588 metaphase, for 3hrs in YPD containing nocodazole (8 µg/ml, in 1% DMSO) or in G1, for 589 2hrs in YPD, pH 3.5 containing α-factor (3 µg/ml). Synchronization was verified by looking 590 at cell morphology. In the experiment in Figure 2E , cells were then washed twice in YPD 591 containing 50 µg/ml pronase and released in S-phase at 30°C in YPD. α-factor (3 µg/ml) 592 was added again at 30 min to prevent a second cell cycle from occurring. The 16 populations used for the evolution experiment were inoculated in glass tubes 595 containing 10ml of YPD from 8 ctf4 colonies (EVO1-8) and 8 WT colonies (EVO9-16).
596
All the colonies were derived by streaking out MATa (EVO1-4 and EVO9-12) or MAT 597 (EVO5-9 and EVO13-16) ancestors. Glass tubes were placed in roller drums at 30°C and 598 grown for 24hrs. Daily passages were done by diluting 10 l of the previous culture into 599 10 ml of fresh YPD (1:1000 dilution, allowing for approximately 10 generations/cycle). All 600 populations were passaged for a total of 100 cycles (≈1000 generations). Every 5 cycles 601 (≈50 generations) 800 l of each evolving population was mixed with 800 l of 30% v/v 602 glycerol and stored at -80°C for future analysis ( Figure 1B) . After 1000 generations four 603 evolved clones were isolated from the each of the eight ctf4 evolved populations (a total 604 of 32 clones) by streaking cells on a YPD plate. Single colonies were then grown in YPD 605 media and saved in glycerol at -80°C as for the rest of the samples. Varscan (varscan.sourceforge.net) was used to call variants. Mutations were found using 614 a custom pipeline written in Python (www.python.org). The pipeline 615 (github.com/koschwanez/mutantanalysis) compares variants between the reference 616 strain, the ancestor strain, and the evolved strains. A variant that occurs between the 617 ancestor and an evolved strain is labeled as a mutation if it either (1) causes a non-618 synonymous substitution in a coding sequence or (2) occurs in a regulatory region, 619 defined as the 500 bp upstream and downstream of the coding sequence (Table S1 ).
620
Identification of putative adaptive mutations 621
Three complementary approaches were combined to identify the putative modules and 622 genes targeted by selection.
623
Convergent evolution on genes: This method relies on the assumption that those genes 624 that have been mutated significantly more than expected by chance alone, represent 625 cases of convergent evolution among independent lines. The mutations affecting those 626 genes are therefore considered putatively adaptive. The same procedure was used 627 independently on the mutations found in WT and ctf4 evolved lines: 628 We first calculated per-base mutation rates as the total number of mutations in coding If the mutations were distributed randomly in the genome at a rate λ, the probability of 634 finding n mutations in a given gene of length N is given by the Poisson distribution:
For each gene of length N, we then calculated the probability of finding ≥ n mutations if 637 these were occurring randomly. preparation and whole genome sequencing as described. database, which reports on the network of interactions between the input genes 696 (https://string-db.org). Several GO terms describing pathways involved in the DNA and 697 chromosome metabolism were found enriched among the putative adaptive mutations 698 provided ( Figure S1C and Table S3 ). Since GO terms are often loosely defined and Fitness assays 711 To measure relative fitness, we competed the ancestors and evolved strains against 712 reference strains. Both WT ( Figure 1C , S1A, S4E, S5A) and ctf4 ( Figure 2D, S2C Linear regression was performed between the (g , log ) points relative to every sample.
734
Relative fitness s was calculated as the slope of the resulting line. Note that the absolute 735 values of relative fitness change depending on the reference strain used: a strain that 736 shows 27% increased fitness when measured against ctf4 (that is 27% less fit then WT), 737 does not equate the WT fitness. This is because a 27% increase of 0.73 (ctf4 fitness 738 compared to WT) gives 0.93, hence a 7% fitness defect compared to WT.
739
Cell cycle profiles 740 Cell cycle analysis was conducted as previously described (Fumasoni et al. 2015) . In 741 brief, 1x10 7 cells were collected from cultures by centrifugation, and resuspended in 70% 742 ethanol for 1 hr. Cells were then washed in 50 mM Tris-HCl (pH 7.5), resuspended in the 743 same buffer containing 0.4 g/ml of RNaseA and incubated at 37°C for at least 2 hrs.
744
Cells were collected and further treated overnight at 37°C in 50 mM Tris-HCl (pH 7.5) 745 containing proteinase K (0.4 g/ml). Cells were then centrifuged and washed in 50 mM 746 Tris-HCl (pH 7.5). Samples were then diluted 10-20-fold in 50 mM Tris-HCl (pH 7.8) 747 containing 1 mM Sytox green, and analyzed by flow cytometer (Fortessa, BD Bioscience).
748
The FITC channel was used to quantify the amounts of stained-DNA per cell. Cell cycle 749 profiles were analyzed and visualized in Flowjo (BD). The percentage of genome 750 replicated at 30 min was calculated based on the cell cycle profile as follow =
751
(2 − 1 ) * 100 ⁄ . The height of the 1C and 2C peaks was obtained 752 as the max cells count reached by the respective peak.
753
Copy number variations (CNVs) detection by sequencing 754 Whole genome sequencing and read mapping was done as previously described. The Logarithmically growing cells were arrested in metaphase as previously described.
769
Samples were then collected and fixed in 4% formaldehyde for 5 min at room 770 temperature. Cells were washed In SK buffer (1M sorbitol, 0.05 M K2PO4) and sonicated 771 for 8 seconds prior to microscope analysis. Images were acquired with a Nikon eclipse Ti 772 spinning-disk confocal microscope using a 100X oil immersion lens. Fluorescence was 773 visualized with a conventional FITC excitation filter and a long pass emission filter.
774
Images were analyzed using ImageJ. Allele frequencies within populations were estimated as in (Koschwanez, Foster, and 806 Murray 2013). In brief, chromatograms obtained by sanger sequencing were used to 807 estimate the fraction of mutant alleles in a population at different time points during the 808 evolution. The fraction of mutant alleles in the population was assumed to be the height 809 of the mutant allele peak divided by the height of the mutant allele peak plus the ancestor 810 allele peak. The values from two independent sanger sequencing reactions, obtained by 811 primers lying upstream and downstream the mutations, were averaged to obtain the final 812 ratios. Values below the approximate background level were assumed to be zero, and 813 values above 95% were assumed to be 100%. Generator was used to generate droplets containing genomic DNA and probes. The 820 droplet PCR was performed in a Bio-Rad thermocycler and analyzed with a Bio-Rad 821 QX200 Droplet Reader. SCC2/Centromere ratios were then used to quantify SCC2 copy 822 numbers. To estimate the percent of cells carrying the SCC2 amplification within a 823 population we assumed that the allele spreading in the population was a duplication of 824 SCC2 (as indicated by the EVO5 copy number analysis). Values above 95% were 825 assumed to be 100%. 
